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Wastewater treatmentAbstract Wet air oxidation (WAO) is one of the most economical and environmentally-friendly
advanced oxidation processes. It makes a promising technology for the treatment of refractory
organic pollutants in industrial wastewaters. In wet air oxidation aqueous waste is oxidized in
the liquid phase at high temperatures (125–320 C) and pressures (0.5–20 MPa) in the presence
of an oxygen-containing gas (usually air). The advantages of the process include low operating costs
and minimal air pollution discharges. The present review is concerned about the literature published
in the treatment of refractory organic pollutants in industrial wastewaters, such as dyes. Phenolics
were taken as model pollutants in most cases. Reports on effect of treatment for the WAO of refrac-
tory organic pollutants in industrial wastewaters are reviewed, such as emulsiﬁed wastewater, TNT
red water, etc. Discussions are also made on the mechanism and kinetics of WAO and main tech-
nical parameters inﬂuencing WAO. Finally, development direction of WAO is summed up.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Contents
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An immense array of organic compounds are currently widely
used, and many of these are potent contaminants when they
are released into freshwater ecosystems. In a great majority
of industrial processes water is used as a solvent, reaction or
transport medium, therefore it is not surprising that many ef-
forts in the last two decades have been made for the abatement
of pollutants from industrial aqueous waste streams. Industrial
plants generate increasing amounts of wastewater, contami-
nated with toxic and hazardous organic compounds, which
cause severe problems for the environment. Wastewaters pro-
duced in many industrial processes often contain organic com-
pounds that are toxic and not amenable to direct biological
treatment. These industrial wastewaters must be treated in or-
der to meet the speciﬁcations for discharge or for recycling in
the process (Levec and Pintar, 2007).
Conventional technologies including biological, thermal,
and physicochemical treatments have been used to remove
the aqueous pollutants. Although the biological method is
widely applied for the treatment of residual wastewaters, it re-
quires a long residence time for microorganisms to degrade
pollutants and is not suitable to treat the toxic contaminants
due to biomass poisoning. Incineration is appropriate for the
treatment of efﬂuents having more than 100 g/L of chemical
oxygen demand (COD). However, it requires an extremely
high energy and presents considerable emission of other haz-
ardous compounds such as dioxin and furan (Debellefontaine
et al., 1996). Some other techniques such as ﬂocculation, pre-
cipitation, adsorption, air stripping, and reverse osmosis re-
quire a post-treatment to dispose of the pollutants from the
newly contaminated environment (Danis et al., 1998). The
aforementioned limitations of conventional methods have
encouraged the researchers to develop a more efﬁcient and
environmentally-friendly system for wastewater treatment.
One available option is wet air oxidation which was proposed
and developed by Zimmermann (1985), is one of the most eco-
nomically and technologically viable advanced oxidation pro-
cesses for wastewater treatment. WAO is proper to a high
organic loading at high ﬂow rate and can partially cover the
application range of incineration and biological methods.
Especially, WAO has a great potential for the treatment of
efﬂuent containing a high content of organic matter (about
10–100 g/L of COD) and/or toxic contaminants for which
direct biological treatment is not feasible. By using WAO,
the organic pollutants are either partially oxidized into biode-
gradable intermediates or mineralized to carbon dioxide,
water, and innocuous end products under elevated tempera-
tures (125–320 C) and pressures (0.5–20 MPa) using a gaseous
source of oxygen (either pure oxygen or air) as the oxidant
(Mishra et al., 1995).The present article reviews the recently published literature
on the WAO of refractory organic pollutants including phen-
olics and real wastewater. Reaction mechanisms and kinetics
that have been proposed for the WAO of organic compounds,
mainly phenol, are discussed to help the understanding of reac-
tion. Finally, development direction of WAO is summed up.2. WAO of phenolic compounds
Among the harmful organic compounds, phenolic substances
have deserved more attention because of their toxicity and fre-
quency of industrial wastewaters (Mishra et al., 1995; Pruden
and Le, 1976). They give off unpleasant odor and taste even
at very low concentrations (Lin et al., 2003). Moreover, phenol
is considered to be an intermediate in the oxidation pathway of
higher molecular weight aromatic compounds and thus is
mainly taken as a model compound for advanced wastewater
treatments (Ding et al., 1995; Santos, 2001). Some studies on
the WAO of phenolic compounds are summarized in Table 1.
2.1. WAO of phenol and substituted phenol
Joglekar et al. (1991) carried out the WAO of aqueous solu-
tions of phenol and substituted phenols in a 1 L stainless steel
autoclave at temperatures in the range of 150–180 C. The oxy-
gen partial pressure was varied from 0.3 to 1.5 MPa and the
initial phenol concentration was 200 mg/L. The data based
on bench scale showed the WAO of phenols can achieve
destruction efﬁciencies exceeding 99.9%. The reduction of
COD during oxidation of all phenols was also greater than
90%. Eugenia et al. (2008) investigated WAO as a suitable pre-
cursor for the biological treatment of industrial wastewaters
that contained high concentrations of phenol, o-cresol or 2-
chlorophenol in a semi-batch reactor at temperatures of 215,
240 and 265 C. The oxygen partial pressure was at 0.2 and
0.9 MPa. Total organic carbon (TOC) abatement was upto
86%. Farhad (1982) carried out the WAO of aqueous solu-
tions of phenol in a continuous stirred tank reactor at temper-
atures in the range of 25–250 C. The oxygen partial pressure
was varied from 5.5 to 15.2 MPa and the initial phenol concen-
tration was varied from 1200 to 4500 mg/L. The effect of pro-
cess variables: temperature, pressure, liquid ﬂow rate, air ﬂow
rate and agitation speed on the gas holdup ratio in the reactor
was also studied. Phenol conversion in some runs was as high
as 96.83%. Lin and Chuang (1994) employed WAO for treat-
ing high concentration chemical wastewater containing phenol
and/or phenolic compounds. Experimental results indicate
that over 90% removal of phenol or phenolic compounds
can be efﬁciently achieved in the WAO process. It is
found in the present studies that the combined process, if
Table 2 Summary of studies on WAO of dyes.
Substances Reaction conditions Eﬀect of treatment
Azo dye and cationic red X-GRL 120–180 C, 0.5–1.5 MPa of O2 COD removal is 35.4%
Reactive dyes 150 C TOC removal is 70%
Acid red 97 dye 150 and 200 C TOC removal is 80%
Printing and dyeing wastewater 200 C, 2.65 MPa of O2 35% of the organics can be oxidized
Reactive dyes 150 C TOC removal is 80%
Dispersing blue dye wastewater 255 C CODCr removal is 72.1%
Azo dye reactive red 2BF 160 C, 0.8 MPa of O2 TOC removal rate is 52%
Printing and dyeing wastewater 150–300 C, 1.69 MPa of O2 COD removal is 59.19%
Printing and dyeing wastewater 180 C, 1.0 MPa of O2 COD removal is 83.6%
Printing and dying wastewater 300 C COD removal is 56%
Reactive Black 5 200–300 C, 1.7 MPa of O2 TOC removal is 77%
Azo dye cationic red X-GRL 60–180 C The dye removal is almost 100%
Azo dye cationic red X-GRL 60–180 C, 0–1.2 MPa of O2 The dye removal is 92%
Table 1 Summary of studies on WAO of phenolic compounds.
Substances Reaction conditions Eﬀect of treatment
Phenol 232 C TOC removal is 84.8%
Phenol and substituted phenols 150–180 C, 0.3 to 1.5 MPa of O2 COD removal is greater than 90%
Phenol, o-cresol or 2-chlorophenol 215, 240 and 265 C, 0.2 and 0.9 MPa of O2 TOC removal is 86%
Phenol 150 C, 1.0 MPa of O2 Phenol conversion is 90%
Phenol 25–250 C, 5.5 to 15.2 MPa of O2 Phenol conversion is 96.83%
Phenol and/or phenolic compounds 200 C Phenol removal is 90%
Phenol–water 180 to 250 C, 0.98–3.43 MPa of O2 COD removal is 35–55%
Phenol 150 to 250 C, 0.7 to 5.0 MPa of O2 COD removal is 52.9–90%
Phenol 160–220 C, 0.5 MPa of O2 Phenol conversion is 99.5%
Orthochlorophenol 270 C, 0.15 MPa of O2 COD removal is 82.9–85%
Phenol 150 and 300 C, 10 to 20 MPa of O2 The biggest phenol removal is 98.04%
Phenol 200 C, 3.0 MPa total pressure Phenol conversion is 95%
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COD concentration of the high concentration chemical waste-
water to meet the safe discharge requirement. Zhang et al.
(1987) investigated the WAO for the puriﬁcation of the phe-
nol–water and the wastewater from coal gasiﬁcation in a 2 L
autoclave at temperature from 180 to 250 C, oxygen pressure
of 0.98–3.43 MPa, and initial concentrations of phenol at 3540,
7866 mg/L and COD at 9278, 22928 mg/L, respectively. 60–
90% of the phenol and 35–55% of the COD were removed
in 90 min at temperature from 190 to 250 C and oxygen pres-
sure of 0.98 MPa. Tang et al. (1995) carried out the WAO of
high concentration phenol solution in a 1 L batch autoclave
under following conditions: initial COD range from 7804 to
87002 mg/L; reaction temperature from 150 to 250 C; oxygen
partial pressure from 0.7 to 5.0 MPa. Experimental results
showed that the WAO process was suitable for wide initial
concentration range and the organic substances decomposed
quickly. Within 30 min, COD removal reached 52.9–90%
and phenol decreased by 86–99%. Fu et al. (2004) studied li-
quid-phase oxidation of aqueous solutions of phenol, nitro-
benzene and aniline employing oxygen as the oxidant. The
inﬂuence of temperature (160–220 C) on WAO of these com-
pounds was investigated. The order of the reactivity of these
three compounds in ﬁxed time is: phenol > aniline > nitro-
benzene. Xu et al. (2003) treated Orthochlorophenol wastewa-
ter by various WAO methods. Parameters such as reaction
temperature and oxygen pressure were investigated in termsof chemical oxygen demand (CODCr) removal rate. Experi-
mental results showed that the WAO process without catalyst
is also effective for the treatment of the Orthochlorophenol
wastewater, upto 80% of the initial CODCr was removed by
wet air oxidation at 270 C with stoichiometric oxygen supply.
Portela Migue´lez et al. (1997) made experiments by the
WAO of aqueous solutions of phenol in a batch reactor at tem-
peratures between 150 and 300 C and pressures from 10 to
20 MPa. The initial phenol concentrations were between 460
and 1650 mg/L and the initial oxygen concentration was al-
ways above 800% excess. The reduction of COD during oxida-
tion was measured and the inﬂuence of pressure and
temperature on the induction time was also studied. The
activation energy of oxidation reaction is 34.4 kJ/mol.
Kolaczkowski et al. (1997) carried out the WAO of phenol
at moderate temperatures (T= 200 C) and pressures
(3.0 MPa total pressure), and the oxidation of phenol has been
achieved with upto 95% destruction in less than 30 min. An
increase in either oxygen concentration or temperature has a
positive inﬂuence on reaction rate and the inﬂuence of pH is
shown to be complex.
2.2. WAO of dyes
Removal of dyes in textile wastewater has attracted a lot of
interest because of the growing concern about residual color
which is closely associated with toxicity and esthetics of the
S772 M. Luan et al.discharged efﬂuent. Dyes exhibit a high resistance to microbial
degradation because they retain color and structural integrity
under exposure to sunlight, soil, and bacteria. In particular,
azo dyes are readily converted into hazardous aromatic amines
under anoxic conditions (Ganesh et al., 1994; Ekici et al.,
2001). Some studies on the WAO of dyes are summarized in
Table 2.
Zhou and He (2007) compared the degradation behaviors
of an azo dye, cationic red X-GRL by three clean advanced
oxidation processes. It was found that the WAO process was
able to readily remove color and even at the low temperature
of 120 C, the color could be almost completely removed at
60 min, and the COD removal by WAO was about 35.4% at
120 min. Chen et al. (1999) used advanced oxidation methods
to degrade reactive dyes at high concentrations in aqueous
solutions. The removal of TOC and color by WAO was very
sensitive to the reaction temperature. At 150 C, the removal
of 77% TOC and 90% color was obtained in less than
30 min. Hu et al. (2001) studied the WAO of printing and dye-
ing wastewater. The model simulations are in good agreement
with experimental data. The results indicate that a certain frac-
tion of organic pollutants in the printing and dyeing wastewa-
ter could not be removed even at elevated temperature and
prolonged reaction time. The ratio of degradable organic mat-
ter is found independent of temperature. Lei and Wang (1999)
applied WAO to degrade reactive dyes at high concentration.
Experimental results showed that the removal of TOC and col-
or was found to be very sensitive to the reaction temperature,
and the color removal was also found to be closely related to
the removal of TOC until an equilibrium TOC was reached.
With increasing the reaction temperature to 150 C, 80%
TOC and 90% color were removed under the operating condi-
tions without the employed catalyst within half an hour.
Zeng et al. (2005) studied WAO of highly concentrated dis-
persing blue dye wastewater conducted in a 2 L autoclave
batch reactor. The results showed that the temperature was
the key factor. When the temperature was 255 C, 72.1%
CODCr was removed after 2 h. Dong et al. (2007) carried out
WAO to degrade azo dye reactive red 2BF, the impact of
which including temperature, reaction time, oxygen partial
pressure, KBrO3 dosage and pH value was investigated. When
temperature was 160 C, oxygen partial pressure 0.8 MPa, pH
4, n(KBrO3): n(Reactive Red 2BF) = 0.5:1 was used for degra-
dation, the red color of 2BF (400 mg/L) was degraded to col-
orless after reaction for 6 h, and the TOC removal rate was
52%. Chen et al. (2003) presented the results of a study on
the treatment of printing and dyeing wastewater from the tex-
tile industry by WAO. Experiments were conducted in a 2 L
autoclave batch reactor at temperatures between 150 C and
300 C, oxygen partial pressure of 1.69 MPa. Experimental
data indicate that a certain amount of COD in the printing
and dyeing wastewater can be removed by simple WAO. The
results obtained are useful for the design of WAO reactor
and for the prediction of WAO performance in treating print-
ing and dyeing wastewater. Zhang (2009) treated methylene
blue water solution by WAO. And the mechanism of methy-
lene blue solution in WAO was researched. The results showed
that not only the reaction included the two phases: the anterior
quick reaction and the upper slow reaction, but also the color
removal rate of the water sample was higher than the COD re-
moval rate. Finally, methylene blue was translated into
dimethylaniline and dimethylaniline was translated intoquinone and dimethyl amine. Liu et al. (2001) investigated
the WAO of printing and dying wastewater. A COD removal
of 56% was obtained after the wastewater was treated with
WAO at 300 C for 120 min. Furthermore, the biodegradabil-
ity of the wastewater was improved from 0.04 to 0.40. Dai
et al. (2006) used the response surface methodology (RSM)
to model and optimize the WAO process using one azo dye
cationic red X-GRL as model pollutant. Mono-factor experi-
ments were carried out to select the relatively important fac-
tors, based on which the process was optimized by RSM
under the following conditions: 60–180 C, 0–2 stoichiometric
oxygen amount, 100–700 r/min agitating rate, pH 2–10 and
500–2931 mg/L pollutant. Almost 100% of the dye removal
rate was obtained under the optimized operation conditions
by RSM. Lei et al. (2007) investigated the decolorization of
a strong colored azo dye solution of cationic red X-GRL by
WAO under relatively mild conditions. It showed that temper-
ature inﬂuenced the dye removal obviously. The increasing of
the oxygen accelerated the dye removal and the increasing re-
moval rate slowed down after the oxygen amount got the stoi-
chiometric amount. In an alkaline solution, the dye removal
was more thorough than that of neutral and acid solution.3. WAO of industrial wastewaters
The most studies by WAO is about wastewater treatment.
Many scholars have focused on the feasibility for the treatment
of real wastewater. Some studies on the WAO of industrial
wastewaters are summarized in Table 3.
3.1. Wet air oxidation of emulsiﬁed wastewater
Emulsiﬁed wastewater usually comes from the mechanical
industry. Its value of CODCr is normally 5000–100,000 mg/L.
It contains all kinds of organic matters such as surfactants,
additives and mineral oils. The emulsiﬁed wastewater belongs
to typical highly concentrated hardly biodegradable organic
wastewater. Normal treating methods concentrated on com-
mon physical or chemical methods such as chemical demulsiﬁ-
cation, electrolytic ﬂoatation, separation with membrane, but
they have apparent shortcoming: bringing secondary pollution
and the cost of operation too high.
Tang et al. (2003) carried out the WAO of the highly con-
centrated emulsiﬁed wastewater containing non-ionic surfac-
tant performed in a 2 L high-pressure batch autoclave. The
result indicated that the application of WAO had a good per-
formance in the treatment of emulsiﬁed wastewater. And COD
of the wastewater was reduced by 86.4% after 2 h oxidation at
220 C. Zhao et al. (2002) studied the WAO of the emulsiﬁca-
tion wastewater performed in a 2-L high-pressure batch auto-
clave. According to the experimental results, temperature,
oxygen partial pressure, organic concentration in the wastewa-
ter and other operation conditions had inﬂuence on oxidation
efﬁciency to a different extent, among which temperature was
the key factor, and 86% of CODCr in the wastewater was re-
moved. Tang et al. (2004) investigated WAO of high strength
refractory emulsiﬁcation wastewater performed in a 2 L high
pressure batch autoclave. The experimental results indicated
that rising temperature impelled the reaction leaning to oxidiz-
ing into the end result directly, making middle result oxidize at
higher speed too, and making the removal rate of CODCr and
Table 3 Summary of studies on WAO of industrial wastewaters.
Substances Reaction conditions Eﬀect of treatment
Emulsiﬁed wastewater 220 C CODCr and TOC reduce upto 86.4% and 79.5%
Emulsiﬁed wastewater 220 C, 1.2 MPa of O2 86% of CODCr is removed
Emulsiﬁed wastewater 220 C TOC removal is 79.5%
Emulsiﬁed wastewater 220 C TOC removal is 79.5%
TNT red water 200 C, 4 MPa of O2 COD removal is 98.10%
TNT red water 200–300 C, 0.31–2.19 MPa of O2 COD removal is 71.3%
TNT red water 340 C, 0.8 MPa of O2 TOC removal is 77% and COD removal is 91%
Chemical wastewater 225 C, 3 MPa of O2 COD removal is 50%
Table olive processing wastewater 140–180 C, 2.5 MPa of O2 Phenol conversion is 100%
Desizing wastewater 150–290 C, 0.375–2.25 MPa of O2 TOC removal is 77% and CODCr removal is 91%
Paper mills wastewaters 160–200 C TOC removal and COD removal are 80%
Tetrahydrofuran wastewater 250 C, 5.0 MPa of O2 COD removal is 94.12%
Fat wastewater 200 C, 3 MPa of O2 COD removal is 90%
Organic wastewater 250 C, 3.5 MPa of O2 COD removal is 56%
Pesticide wastewater 280 C, 4.2 MPa of O2 COD removal is 98%
Treatment of refractory organic pollutants in industrial wastewater by wet air oxidation S773TOC rise notably, upto 86.4%. Zeng et al. (2004) studied
WAO of highly concentrated emulsiﬁcation wastewater was
performed in a 2 L high-pressure batch autoclave, with empha-
sis on the removal effect of CODCr, TOC and inﬂuence factors.
The experimental results indicated that the temperature was
the key factor and the best feasible temperature was 220 C,
and that 86.4% of CODCr and 79.5% of TOC.
3.2. Wet air oxidation of TNT red water
2,4,6-Trinitrotoluene (TNT) is an important high explosive
widely used in many ﬁelds. During its production, load, assem-
ble and pack operations, a large amount of TNT wastewater is
produced, which can cause environmental pollution and do
harm to public health if it is discharged without effective treat-
ment (Zhao et al., 2010).
Lu et al. (2007) treated TNT red water by WAO. The re-
sults indicated that when the reaction temperature is 200 C,
residence time 10 min, oxygen pressure 4 MPa, and the pH va-
lue 4, the COD value of TNT red water decreases from
56500 mg/L to 1072.5 mg/L, the removal efﬁciency is more
than 98.10%. Hao et al. (1993a) presented the results of rate
studies for the evaluation of temperature, partial oxygen pres-
sure, initial red water concentration and salt concentration on
WAO performance. Results show the higher the temperature
and/or pressure, the more the contaminant reduction. Hao
et al. (1993b) previously demonstrated that WAO is an effec-
tive process to treat diluted TNT red water at a temperature
of 340 C and oxygen partial pressure of 0.8 MPa. Results
show the WAO removal efﬁciency to be a function primarily
of temperature and, to a lesser extent, of oxygen partial pres-
sure. TOC and COD removals at 260 C and 0.62 MPa oxygen
partial pressure were 77% and 91%, respectively.
3.3. Wet air oxidation of other wastewater
Lin and Ho (1997) investigated the WAO of chemical waste-
water containing a high concentration of various organic acids
and inorganic components. Experimental results indicated that
over 50% reduction of COD concentration of the wastewater
can be easily achieved in 60 min of WAO treatment operating
at 225 C, 3 MPa and a 1.01 min/L air ﬂow rate. Lei and Sun(2000) described the application of WAO to the treatment of
desizing wastewater from two textile companies. The effects
of temperature, pressure and reaction time were explored
extensively. More than 90% CODCr reduction and 80%
TOC removal have been obtained. Verenich et al. (2000)
undertook experimental research into the WAO of concen-
trated wastewaters from paper mills. The results showed
COD and TOC removal increases of 50% to 80% at tempera-
tures from 160 to 200 C. The best results with respect to the
improvement of biodegradability were observed under milder
conditions. Li et al. (2010) pretreated tetrahydrofuran produc-
tion wastewater by WAO. When the reaction temperature is
250 C and the reaction pressure is 5.0 MPa, BOD5/COD is in-
creased from 0.18 to 0.67, which indicates that the biodegrad-
ability of the wastewater is greatly improved. The water
quality of the efﬂuent can meet the third grade discharge stan-
dards of GB8978-1996. Ge et al. (2005) introduced the reaction
mechanism and reaction condition of WAO in the paper. The
investigations of a series of fat wastewater treatment technol-
ogy conditions are carried out with testing devices. It is ob-
served that the COD stripping rate can reach over 90% at
the reaction temperature of 200 C and the reaction pressure
of 3 MPa. This method can be used in engineering as a pre-
treatment means. Zhang et al. (2010) treated the organic waste-
water through the WAO technology. The results showed that
at the condition of 250 C, Po2 = 3.5 MPa, reaction time of
2 h and diluted multiples of 0.5 times (COD= 100,000 mg/L
around), the removal rate of COD was 56%, the BOD5/
COD increased to 0.63 and the biochemical nature of wastewa-
ter was improved greatly, thus providing a good condition for
the successive biological treatment. Zhang et al. (2007) used
the WAO of degradation-resistant pesticide wastewater with
high salinity. The results indicated that 98.0% removal rate
of COD and over 99.0% removal rate of chroma were
achieved under the following reaction conditions: temperature
280 C, partial pressure of oxygen 4.2 MPa, initial pH value of
the system 2.0 and reaction time 150 min.
4. Reaction mechanisms and kinetics for WAO
The majority of studies for WAO mainly focus on the removal
of reactant, COD and TOC. However, sufﬁcient knowledge for
Figure 1 Generalized lumped kinetic model (GLKM).
S774 M. Luan et al.reaction mechanisms and kinetics for WAO is essential to opti-
mize the reaction conditions and to supply a guide for indus-
trial applications.
4.1. Reaction mechanisms and pathways
The deﬁnite mechanisms and reaction pathways for WAO have
not been established even for a pure compound because the oxi-
dation of organic compounds goes through very complicated
routes and leads to the formation of various intermediates.
Generally, the ﬁnal intermediates are short-chain organic acids
such as acetic acid, etc. (Day et al., 1973; Mantzavinos et al.,
1997a,b). The identiﬁcation of intermediates and by-products
formed during oxidation is essential to evaluate the toxicity
and to point out possible refractory compounds.
Most of the studies have reported that the chemical reac-
tion of WAO chieﬂy proceeds via free radical reactions. Sev-
eral free radical reactions consisting of initiation,
propagation, and termination of free radical have been pro-
posed to take place during the WAO of various organic com-
pounds (Bhargava et al., 2006; Mantzavinos et al., 1997a,b;
Patterson et al., 2001; Robert et al., 2002). Robert et al.
(2002) provided the direct experimental evidence for the pres-
ence of free radical intermediates in the WAO of cellulose
using electron spin resonance (ESR) spectroscopy coupled
with the spin trapping technique. Some studies gave the indi-
rect evidences of free radical reactions. Co-oxidation is one
of them, which involves the oxidation of an organic compound
by free radical intermediates generated from another organic
compound (Raffainer and von Rohr, 2001; Birchmeier et al.,
2000; Mantzavinos et al., 1996). Another is to hinder or
promote the free radical reactions using inhibitors such as t-
butanol (Vaidya and Mahajani, 2002; Stofﬂer and Luft,
1999) or promoters like hydrogen peroxide (Vaidya and
Mahajani, 2002).
Most of the studies on reaction pathway for WAO have em-
ployed phenol as a model compound because it is considered
to be an intermediate in the oxidation of higher molecular
weight aromatic compounds (Matjazˇ and Janez, 1996; Santos
et al., 2001). Phenol oxidation follows an extremely complex
pathway composed with parallel and consecutive reactions.
Devlin and Harris (1984) proposed the mechanism for non-
catalytic oxidation of phenol in which phenol is ﬁrstly oxidized
to dihydroxybenzenes, i.e. hydroquinone and catechol, which
are converted into benzoquinones. Rings of benzoquinones
are then opened with the formation of appropriate acids which
are further oxidized to short-chain carboxylic acids. Joglekar
et al. (1991) studied WAO of aqueous solutions of phenol
and substituted phenols. The result showed that the oxidation
of phenols in water involves a free-radical mechanism and pro-
ceeds in two steps. The conditions have been found under
which the overall oxidation reaction becomes reaction con-
trolled or mass transfer controlled. Rivas et al. (1998) pro-
posed a model for the WAO of phenol based on elementary
radical reactions that are known to occur in the oxidation pro-
cess. By applying the model to associated experimental data,
unknown rate constants have been calculated using numerical
techniques to solve the system of differential equations that de-
scribes the proposed mechanism. The principles described in
the paper may be applied to understand the WAO mechanism
of other organic compounds.4.2. Reaction kinetics
It is desired that the kinetic models correspond reasonably
with reaction mechanism and experimental data. Reaction
parameters including reaction temperature, oxygen partial
pressure, reaction time, solution pH, etc. inﬂuence the reaction
rate. Studies on the kinetics of WAO have been extensively
performed by many researchers. Jean (1989) proposed semi-
empirical model WAO and believed WAO of sewage sludge
is a ﬁrst-order reaction, the reaction kinetics model is:
da=dt ¼ ka  a
db=dt ¼ kb  b
with a being the concentrations of easily oxidized organic
matter, b the concentration of not easily oxidized organic mat-
ter, ka and kb the reaction rate constant.
In recent years, Eftaxias et al. (2001) proposed a theoretical
model for the WAO process:
dc=dt ¼ K0eEa=RT½Cm½On
with K0 being the pre-exponential factor, Ea the activation
energy(kJ/mol), T the temperature (K), C the organic matter
concentration(mol/L), O the oxidant concentration (mol/L), t
the reaction time(s), m, n the reaction order, R the gas constant
[8.314 J/(molÆK)].
Although the kinetic models proposed for pure compounds
are useful for the understanding of reaction mechanisms, they
are not sufﬁcient for real wastewaters containing a mixture of
organic compounds. More detailed kinetic models are required
to describe the reaction rate observed in the WAO of real
wastewaters. Therefore, the rate laws have to be expressed
by means of lumped parameters such as TOC and COD. For
non-catalytic WAO, Li et al. (1991) proposed the general
lumped kinetic model (GLKM), also named the triangular
scheme, based on the simpliﬁed reaction scheme with acetic
acid as a rate-limiting intermediate (Fig. 1). In the GLKM,
all the organics are divided into three characteristic lumps,
namely parent compounds and unstable intermediates except
acetic acid (lump A), refractory intermediates, acetic acid
being a typical representative (lump B), and end products
(lump C). k1, k2, and k3 are apparent constants for the chem-
ical reaction rates and are dependent on reaction temperature
and dissolved oxygen concentration. The GLKM has been
used to analyze the experimental kinetic data in several studies
(Lo´pez et al., 1999; Jin et al., 2004).
5. Conclusions
Wet air oxidation is a promising technology for the treatment
of refractory organic pollutants in the efﬂuent from various
industries in view of high pollutant removal efﬁciency at mild
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harmful chemical reagent. Studies on the WAO of model pol-
lutants and industrial efﬂuents illustrate the potential of WAO
as a treatment technology for industrial wastewater. Most of
the studies have usually employed phenolics as a model pollu-
tant. And phenol is mainly taken as a model compound be-
cause it is widely used in industries and is considered to be
an intermediate in the oxidation of higher molecular weight
aromatic compounds.
Generally, the complete oxidation of organic pollutants to
CO2 and H2O is hard to achieve due to the formation of more
refractory intermediates like short-chain carboxylic acids.
WAO integrated with the biological process can be more
attractive for the treatment of industrial wastewater containing
toxic pollutants because short-chain carboxylic acids, espe-
cially acetic acid, are readily biodegradable due to their low
ecotoxicity. Biodegradability and toxicity of the treated efﬂu-
ent from WAO should be checked to evaluate the suitability
for the subsequent biological process. Maybe wet electrocata-
lytic oxidation process, wet oxidation and electro-Fenton tech-
niques will promote the ability of WAO for treatment of
industrial wastewater. Besides, making a thorough investiga-
tion on reaction mechanisms and kinetics which provides
important information for industrial applications is desired.
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